Diindenoperylene (DIP) and tetraphenyldibenzoperiflanthene (DBP) are two commonly used donor materials in organic solar cell devices. Despite their structural similarities, DIP films are crystalline, exhibiting good charge and exciton transport, whereas DBP films are amorphous and have lower carrier mobility and a short exciton diffusion length. However, DBP reveals a distinctly higher absorption due to the lying orientation of its transition dipole moments. In this paper, we investigate the influence of solvent vapor annealing (SVA) on the solar cell performance of both materials. In general, SVA induces a partial re-solubilization of the material leading to enhanced crystallinity of the treated layer. For DBP, extended annealing times result in a strong aggregation of the molecules, creating inhomogeneous layers unfavorable for solar cells. However, in DIP cells, SVA leads to an increase in fill factor (FF) and also a slight increase in short-circuit current density (J SC ) due to interface roughening. The best results are obtained by combining solvent vapor annealed DIP layers with strongly absorbing DBP and C 70 on top.
I Introduction
During the past several years, research on small-molecule and polymer-based organic photovoltaic cells (OPVs) has led to a signicant enhancement in power conversion efficiency (PCE) following various approaches, like cascades, 1 plasmonic nanostructures 2 and planar-mixed architectures. 3 Thus, efficiencies greater than 9% have been achieved for small molecule singlejunction cells [4] [5] [6] and efficiencies even greater than 10% have been reported for tandem or triple-junction devices. 7, 8 These works have shown that there are numerous factors that inuence the complex mechanisms occurring within an OPV during charge carrier generation which can cause an improvement of the efficiency. Of course, the choice of donor and acceptor materials is fundamental. Fullerenes like C 60 and C 70 are the most common acceptor materials in small-molecule OPVs yielding good results in combination with various donors and are also used in this study. In recent years, perylenes have attracted attention for use as donor materials. Tetraphenyldi-benzoperianthene (DBP) has proven to be especially well suited for the fabrication of highly efficient OPVs 3,8 due to its high absorption coefficient and despite its amorphous character. Also its crystalline counterpart diindenoperylene (DIP) has already been utilized successfully in organic solar cells. [9] [10] [11] It offers good charge 12 and exciton transport, 13 but suffers from poor absorption due to unfavorable orientation of the optical transition dipole moment. 14 Both perylenes will be used as donors within this work.
Beside the choice of organic materials there are a couple of other factors which inuence the performance of OPVs, as the process of charge generation is complex. The complexity can be illustrated by dividing the overall process into four subprocesses. 15, 16 First, photons are absorbed resulting in the formation of excitons. In the second step, the excitons diffuse to the donor-acceptor (D/A) interface. Exciton dissociation and the transfer of the separated charge carriers to donor and acceptor, respectively, represent the third sub-process. Finally, the free charge carriers are transported to the electrodes, where they are collected. Each of these four sub-processes can be characterized by a separate efficiency, labeled as the absorption efficiency h Abs , the exciton diffusion efficiency h ED , the charge-transfer efficiency h CT and the charge collection efficiency h CC . The product of these partial efficiencies nally results in the external quantum efficiency h EQE :
In this work, we investigate how solvent vapor annealing (SVA) leads to a modication of these individual sub-processes and quantify the impact SVA has on the overall performance of thermally evaporated, perylene-based organic solar cells. As the name suggests, SVA means the treatment of functional layers with solvent vapor while avoiding direct contact between the liquid solvent and the organic lms. The lm swells by taking up the solvent molecules of the vapor. As a result, the organic molecules become mobile and can rearrange leading to a higher structural order within the layer. [17] [18] [19] [20] An increased crystallinity is able to affect the efficiency of the rst sub-process as h Abs is, on the one hand, determined by the organic layer thickness. It has already been shown that enhanced crystallinity allows the use of thicker active layers without negatively impacting the ll factor. 21 Furthermore, we clarify the inuence of SVA on the second important factor determining h Abs , the absorption strength of the utilized materials, which is mainly determined by the orientation of the molecules. For example, an upright standing arrangement of organic molecules inhibits strong coupling between the incident light and the transition dipole moment aligned along the long axis of the molecules and results in weak absorption. This is the case for the crystalline donor DIP with its molecules standing almost upright, tilted by an angle of f z 17 with respect to the surface normal. 22 Conversely, a horizontal alignment of the molecules leads to strong coupling and as a consequence strong absorption. This is true for the second perylene, the amorphous DBP. 23 SVA may provide a potential route to alter the orientation of molecules within the lm, modifying their coupling with incident light and resulting in a change in h Abs .
Moreover, all transport processes are expected to improve within the treated layer with increasing crystallinity. The efficiency of the diffusion of excitons h ED , as well as the transport of free charge carriers h CC should increase. This implies that if the donor is annealed, the mobility of the holes rises, while a treatment of the acceptor should improve the electron transport. A measure for good transport is a low series resistance R S . To extract the series resistance of an organic solar cell, dark current characteristics can be analyzed. Although the physics behind it is not the same as in an inorganic p-n junction, it has been shown that the exponential part of the forward-bias characteristics can be described by a modied Shockley equation: 24, 25 jðV
where j 0 is the reverse saturation current density, q the elementary charge, n the diode ideality factor, k B Boltzmann's constant, T the absolute temperature and A the active area of the solar cell. The series resistance can be derived from a t with the modied Shockley equation to the corresponding part of dark current data, as well as j 0 and n. The inuence of the series resistance on solar cell performance is visible in the ll factor (FF), as a high R S reduces FF. 26, 27 We will show the impact of SVA on the transport properties by choosing the appropriate time and solvent so that the ll factor of OPVs can be improved for both donor materials, amorphous DBP and also for already crystalline DIP. But not only the FF can be positively inuenced, an improvement of h ED might also contribute to an increase of J SC as the second sub-process, the diffusion of excitons, also implies that excitons are able to diffuse to the D/A interface and do not recombine within the bulk. This is far from self-evident, considering that typical exciton diffusion lengths for organic materials are only a few nanometers, 28, 29 for example DBP exhibits an L D of 9 AE 3 nm. 30 An alternative to increasing the exciton diffusion length is to increase the surface area of the D/A interface e.g. by co-evaporation, however, this results in a completely different concept, the bulk heterojunction (BHJ). 31, 32 Nevertheless, the interface area can also be increased in planar heterojunction (PHJ) devices, albeit on a smaller scale, by enlarging the roughness of the donor layer. As roughness is usually connected to crystallinity, SVA may also affect this parameter. Finally, the increase in the number of dissociated excitons leads to an increase in free charge carriers and thus a higher J SC .
The only process not inuenced by SVA is the charge-transfer (CT) process, occurring at the D/A interface. As this dissociation process typically takes place over time scales of a few hundred femtoseconds or less, [33] [34] [35] it is much shorter than any other competing process. Thus, as long as the nature of the D/A interface is not fundamentally changed, the charge-transfer efficiency approaches h CT ¼ 100%. 36, 37 II Solvent vapor annealing on amorphous donor DBP In the treatment of organic layers with solvent vapor it is important to consider some correlations. First, the most suitable solvent has to be found for the material to be treated. For that reason, the solubility of DBP was evaluated in chlorobenzene, ortho-dichlorobenzene, chloroform, dichloromethane, toluene, xylene and tetrahydrofuran. Optical microscopy images show that chloroform yields the best results, as the DBP precipitates, which appear for all solvents, are surrounded by a purple-colored area as it is typical for (evaporated) DBP lms. However, DBP does not show particularly good solubility in any of these solvents. In this work, all SVA treatments are carried out with chloroform. Beside the choice of a suitable solvent, it is important to nd out an appropriate duration of the SVA treatment. This also depends largely on the treated material as well as on the layer thickness.
Photovoltaic cells were fabricated on a transparent indium-tin oxide (ITO, 140 nm) electrode, covered with 45 nm of the poly-(ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) derivative HIL1.3 to adjust the work function of the ITO anode for hole-selectivity. The thicknesses of the donor layers and the acceptor layers (C 60 , C 70 ) are 30 nm and 45 nm, respectively. Exciton quenching at the organic-metal interface is suppressed by inserting 5 nm of bathocuproine (BCP) and the top electrode consists of 100 nm of aluminium (Al). For these samples, SVA was performed aer evaporation of the donor material. As donor either crystalline DIP or amorphous DBP is used. Furthermore, solar cells were fabricated consisting of two donor layers with 15 nm DIP and 15 nm DBP, which were evaporated consecutively. In this case, DBP is the primary absorber while DIP acts as an exciton blocking layer, a concept which has already been established successfully. 38, 39 For these solar cells only the DIP layer is treated by use of SVA.
First of all, annealed DBP lms were studied by optical microscopy. Inspection of an image taken from a sample annealed for 10 minutes under 20-fold magnication reveals that round DBP crystallites are formed with diameters of approximately 50 mm ( Fig. 1) . To investigate the crystallinity of the annealed layer, X-ray diffraction (XRD) measurements were performed. Initially, out-of-plane X-ray reection (XRR) was measured, but just like the pristine layers no reections, indicating a well-ordered crystalline structure, could be observed. Therefore, in-plane (grazing incident X-ray diffraction) measurements were recorded, but also in this conguration no peaks indicating DBP crystallinity are observable. The results of both, out-of-plane and in-plane measurements are shown in the ESI. † Other groups have already reported on more crystalline DBP, achieved through different techniques. Growing on a crystalline template 38 or on a heated substrate 40 as well as applying organic vapor phase deposition (OPVD) using a hot inert carrier gas 21 were reported to result in DBP layers of higher order. However, in these cases the crystallinity could neither be visualized by means of XRD, 38 nor via reection high energy electron diffraction 40 (RHEED) nor by selected area electron diffraction 21 (SAED).
Next, we investigated the surface properties of 15 nm lms of DBP annealed for various durations via AFM. There was no difference for layers growing either on ITO/HIL1.3 or on glass so the reorganization of the molecules is independent of the substrate. These layers were treated by SVA for 4, 8 and 12 minutes, respectively, and then compared with each other as well as with an untreated sample. As reported previously, 23,40 the pristine DBP layer has an extremely smooth surface with a rootmean-square (RMS) roughness of merely RMS ¼ 0.63 nm. However, SVA causes a strong aggregation of the DBP molecules. Aer 4 minutes of SVA treatment, the RMS roughness increases more than thirtyfold to 21.65 nm. Longer exposure times enhance this effect. For example, aer 12 minutes of SVA the RMS roughness amounts to 39.8 nm with DBP islands up to 130 nm height and diameters of approximately 500 nm ( Fig. 2 ). The aggregation of molecules leads to a strong inhomogeneity within the DBP lm, which is detrimental to the charge transport properties required for devices like photovoltaic cells. 41 In addition to the negative effect on charge transport, the absorption also drops drastically. The change can already be seen with the naked eye, as the annealed layers became much more translucent, i.e. they absorb less. To quantify this observation, absorption measurements were performed. It can be seen that the correlation between SVA and the reduction of the absorption coefficient a depends on the annealing time ( Fig. 3 ). There is hardly any change for the rst two minutes of annealing followed by a slight decrease aer four minutes. A more drastic change occurs aer six minutes. At longer times of SVA no further change is visible. This correlates quite well with images taken by AFM, which also reveal negligible differences for eight and twelve minutes and an intermediate topography aer four minutes (Fig. 2) . Thus, we attribute the drop of absorption to a dewetting process of DBP leading to a decreased two-dimensional coverage of the substrate. Furthermore, the increasing absorption for wavelength higher than about 630 nm can most likely be attributed to scattering. This results from the extremely rough surface of crystalline DBP islands. As scattering is not detected in transmission nor reection, it is included in the calculated absorption A ¼ 1 À R À T. However, dewetting is not the only process which contributes to the absorption drop. Near edge X-ray absorption ne structure (NEXAFS) measurements reveal an additional change in molecular orientation. Measurements on pristine lms yield a higher intensity of the 40 as compared to the 90 spectrum in the low energy region which is related to the transition from the C1s core level to the LUMO level. This reveals a more at lying perylene core. Aer 4 minutes of SVA, however, no angular dependence appears any more. This is indicative of a reorientation process which has started, leading to an intermediate conguration, similar to the results obtained by AFM and absorption measurements. Further annealing yields a reversed angular dependence indicating a change of molecular orientation due to solvent vapor annealing (Fig. 4) . These results indicate a more upright oriented perylene core and even more upright oriented phenyl rings. This leads to an unfavorable orientation of the transition dipole momentwhich is aligned along the long axis of the moleculeand thus less absorption.
Evaluating the performance of solar cells fabricated with annealed DBP lms conrms these problems. For elevated SVA times (t $ 6 min) all relevant values diminish. The decreased absorption leads to a smaller J SC , the ll factor declines due to poor transport and the open-circuit voltage (V OC ) is reduced by enhanced recombination as the strong DBP aggregation leads to the appearance of pinholes limiting V OC . 42 The origin of the loss in J SC can clearly be seen in the IPCE curves ( Fig. 5(b) ). The contribution of DBP (500 nm < l < 650 nm) nearly vanishes completely for 8 and 12 minutes. However, for 4 minutes SVA, the decrease in DBP absorbance is small and is compensated by an enhanced response from the fullerene layer (400 nm < l < 500 nm), resulting in a slight increase in J SC . This increase is due to the enlarged area of the D/A interface caused by the surface roughening observed by AFM. In addition, the series resistance decreases slightly and the FF increases, resulting in a 10% increase in PCE from 2.3% to 2.5% for the device without SVA and the device treated with 4 minutes SVA, respectively ( Fig. 5(c) ).
Based on these results, the positive effects anticipated for SVAthe increase of h ED and h CCdo indeed occur, however the duration of SVA must be precisely controlled in order to avoid signicant aggregation of molecules within the lm which deleteriously affects absorption and charge transport. A possible strategy to circumvent this problem would be to increase the DBP-layer thickness, as the enhanced crystallinity should allow a thicker lm without negatively impacting R S or FF. 21 
III Solvent vapor annealing on crystalline donor DIP
In addition to DBP, we also tested the effect of solvent vapor annealing on DIP, which is known to grow crystalline in Stranski-Krastanov mode on various substrates. 43, 44 This means that a possible roughening effect caused by SVA is expected to be more pronounced on rather thin DIP layers, which are smoother than thicker ones due to its growth mechanism. Similar to DBP, XRR measurements do not reveal any change in the out-of-plane crystallinity due to SVA on 50 nm thick DIP layers. For the pristine as well as the SVA-treated sample, both the s(001) and the s(002)-peak appear at q z ¼ 0.38Å À1 and q z ¼ 0.75Å À1 respectively. Moreover, neither broadening of these peaks, which indicates a change in the vertical extent of the crystalline domains, nor the presence of additional peaks were detected. However, a distinct change of topography is visible by comparing the AFM images recorded on a 15 nm thick DIP layer which is either untreated or treated by SVA for four, eight, and twelve minutes, respectively (Fig. 6 ). The smooth surface of the pristine layer roughens continuously with increasing SVA time. The RMS roughness rises from 1.99 nm (0 min) to 2.14 nm (4 min) and 3.75 nm (8 min) up to 9.18 nm (12 min). Island-like structures appear on the surface with increasing diameters up to approximately 250 nm for the 12 minute sample. Thus, the increased surface roughness will provide increased D/A interface area upon evaporation of the acceptor. At the same time, AFM images indicate that the long-range order within the DIP donor increases and this should also lead to a similar increase of structural order in the subsequently evaporated C 60 acceptor layer. 45 In contrast to the DBP molecules, the DIP molecules do not aggregate strongly in the process of SVA resulting in a layer which is still continuous. As a result, a drastic decrease in absorption as was observed for the SVA treated DBP layer does not occur. In fact, absorption measurements even show a growing absorption coefficient, however it is just a minor effect. As this effect appears over the whole measured spectral range, it is assumed to be a measurement artifact due to increased scattering caused by the enhanced surface roughness. NEXAFS measurements were performed to clarify the origin of this behavior. Comparing pristine and annealed DIP layers, NEXAFS measurements show no change in angular dependence, meaning that there is also no change in molecular orientation and thus absorption strength. The corresponding data is shown in the ESI, † moreover, results of NEXAFS measurements on pristine DIP can also be found elsewhere. 46, 47 On the other hand, this conrms our interpretation that more scattering occurs at the DIP surface leading to an extended light path. In turn, this leads to more excitons generated within the organic.
As a result, the corresponding solar cells show a continuous increase in J SC . Based on the AFM images, absorption, and NEXAFS measurements, it can be assumed that both the enlarged interface as well as the extended light path due to enhanced scattering are responsible for this gain. Moreover, the FF increases by almost 10% while V OC remains unaffected. The gain in FF comes along with a decrease in R S , which drops continuously with increasing SVA time ( Fig. 7(d) ). As a consequence, the efficiency of DIP-based solar cells is improved through SVA by 16.8% (Fig. 7(a) and (c) ). These results are comparable with improvements achieved using glancing angle deposition (GLAD). 48 By the use of GLAD the D/A interface is enlarged as well, in this case however, by establishing nanocolumns using shadowing effects during the evaporation process. 49 However, SVA is the more viable method as it is very easy to handle and does not require any sophisticated equipment. Summing up, it can be shown that also already crystalline layers can be affected positively using SVA. Again the efficiencies h ED and h CC are raised, apparent from the gain in J SC and FF respectively. Moreover, negative effects like a strong aggregation or an unfavorable reorientation of the molecules accompanied with a decreasing h Abs , which were observed for amorphous DBP, do not occur. However, as DIP inherently yields poor absorption, even for the SVA-treated case, the PCE is low. In this study it was increased from 1.55% (no treatment) to 1.8% with 12 minutes SVA.
IV Solvent vapor annealing on exciton blocking layer DIP
In order to combine the positive effects observed for solvent vapor annealed DIP with the exciton blocking concept 38, 39 and using DBP and C 70 as strongly absorbing donor and acceptor, respectively, planar photovoltaic cells are fabricated yielding overall efficiencies of more than 4%. The insertion of an exciton blocking layer at the anode interface provides an increase of h, mainly due to an increase in photocurrent, as excitons are prevented from being quenched at the HIL1.3/DBP interface. Moreover, we nd that such solar cells can be further improved using SVA. However, it is not useful to perform the SVA aer evaporation of DBP, because the strong aggregation of the molecules also occurs on a DIP substrate accompanied with the drop in absorption for longer SVA times. Absorption measurements even show that in this case the aggregation process of DBP already starts for shorter SVA times (see Fig. 3 in ESI †). As a consequence, the decrease of J SC and FF sets in for shorter SVA times, too.
However, by treating only the exciton blocking layer, DIP, with solvent vapor, these parameters can be enhanced. The gain in J SC indicates that the SVA-induced increase in surface roughness of the DIP layer propagates to the DBP/C 70 interface, where excitons dissociate and by that determine J SC . This is conrmed by AFM images of samples consisting of glass/45 nm HIL1.3/15 nm DIP/15 nm DBP. The annealing was performed on DIP for 4, 8 and 12 minutes. The RMS roughness of the surface of the subsequently evaporated DBP layer increases from 0.69 nm to 1.44 nm and 3.14 nm up to 4.24 nm. This means that the evaporation of the DBP layer smoothens the roughened DIP layer, however as desired, the D/A interface is enlarged compared to a pristine DBP lm. Moreover, scattering that occurs at the rough DIP surface should enhance the path of the light through the DBP layer and by that also the absorption. Whether the enhanced crystallinity of the DIP layer also leads to a higher order in the amorphous DBP layer cannot be clearly conrmed. However, we suggest that this is the case, as again the FF of the corresponding photovoltaic cells increases while the values of their series resistance decline ( Fig. 8(d) ). This correlation is not linear, which shows that R S is just one factor contributing to FF. 27 The expected gain in J SC appears ( Fig. 8(a) and (b)) and the PCE can be increased by 20% from 3.4% to 4.1%. IPCE-curves ( Fig. 8(c) ) show that the gain in J SC caused by the insertion of the additional exciton blocking layer is mainly due to a greater contribution of excitons generated within the DBP layer. However, the SVA on DIP leads mainly to more contribution of the fullerene C 70 . A similar result was obtained for SVA on DBP (see Fig. 5(b) ) where C 60 was used as acceptor material. Thus, this trend is not inuenced by changing the acceptor from C 60 to C 70 .
V Conclusion
In conclusion, solvent vapor annealing on perylene-based solar cells improves several processes contributing to the conversion of light to electrical power. In fact, SVA contributes to a majority of the sub-processes involved in various ways. For instance, the absorption efficiency h Abs is inuenced by an aggregation and/ or by reorientation of the molecules. The reorganization process also leads to a higher structural order within the organic lm. This enhanced crystallinity, resulting in a decreasing series resistance, has a positive impact on transport processes so that the efficiencies of exciton diffusion h ED and charge collection h CC go up, resulting in a higher FF. Moreover, h ED is increased by a roughening of the D/A interface, as this enlargement enables more excitons to reach the interface before recombining within the bulk. In this way, a higher J SC can be achieved. However, we could show that the SVA-induced changes on organic solar cells are not necessarily positive and depend on some crucial correlations, which are different for each organic material. Thus, SVA has the potential to improve organic solar cells of various compositions, nevertheless for each material a suitable solvent, the best layer thickness, and a convenient SVA time has to be found.
VI Experimental section
For SVA the substrate with the layer to be treated was laid face up in a small Petri dish. This Petri dish is then placed in a sealable vessel with 300 ml volume and 1 ml of chloroform is injected around the dish, so that there is no direct contact between solvent and sample. However, the solvent evaporates and the vapor can act on the organic material. The time is measured while the vessel is closed. The sample is then reinstalled into the evaporation chamber. Donor, acceptor, BCP and aluminum were all evaporated in UHV (<5 Â 10 À7 mbar) at 0.5Å s À1 . The PEDOT:PSS derivative HIL1.3 however, was spin-coated from aqueous dispersion and subsequently dried at 125 C for 30 minutes. While HIL1.3 was obtained from Clevios (Germany), we purchased DBP from Lumtec (Taiwan), DIP from S. Hirschmann (Univ. Stuttgart, Germany) and BCP from Sigma-Aldrich (United States). The solar cell devices were characterized electrically by recording current-voltage (J-V) characteristics using a source measure unit (Keithley 236 SMU) under illumination with a solar simulator (Oriel 300 W with AM 1.5G lters) in a glovebox system with nitrogen atmosphere. The illumination intensity was approved by a calibrated silicon reference cell (RERA systems, PV Measurement Facility, Radboud University Nijmegen, area 1 Â 1 cm 2 ). Moreover, incident photon-tocurrent efficiency (IPCE) measurements were carried out using a monochromatized halogen lamp as light source and lock-in detection.
In addition, a variety of measurements were carried out on pristine and SVA-treated organic (DIP, DBP) layers. Light microscopy was performed with a Zeiss Axioskop 40. Further, Xray reection (XRR) was done, both out-of-plane with a Seifert XRD 3003 PTS (CuK a1 radiation with l ¼ 1.541Å) and also in- plane (grazing incidence X-ray diffraction, GIXD 50 ) performed on the X04SA beamline at the Swiss Light Source, Paul Scherrer Institute, Villigen, Switzerland (12 keV photon energy). 51 Atomic Force Microscopy (AFM 52 ) data are acquired under ambient conditions with an Autoprobe CP-Research microscope from ThermoMicroscopes operated in tapping mode. To carry out absorption, transmittance and reectance measurements were performed using a thin lm analysis setup of omt GmbH. Moreover, angular resolved near edge X-ray absorption ne structure (NEXAFS) spectroscopy 53 was measured at beamline D1011 (Max-lab, Lund, Sweden). Using polarized monochromatic X-rays around the C1s-edge, the total electron yield was determined by measuring the sample current.
